MuSiC is a web server to perform the constrained alignment of a set of sequences, such that the user-specified residues/nucleotides are aligned with each other. The input of the MuSiC system consists of a set of protein/DNA/RNA sequences and a set of user-specified constraints, each with a fragment of residue/nucleotide that (approximately) appears in all input sequences. The output of MuSiC is a constrained multiple sequence alignment in which the fragments of the input sequences whose residues/nucleotides exhibit a given degree of similarity to a constraint are aligned together. The current MuSiC system is implemented in Java language and can be accessed via a simple web interface. Availability: http://genome
Introduction
Multiple sequence alignment (MSA) has received much attention in the fields of bioinformatics and computational biology because it is very useful for discovering the biological meanings of sequences. Usually, biologists may have advanced knowledge of the structures or functionalities of sequences of interest, such as active site residues, intramolecular disulfide bonds, substrate binding sites, enzyme activities and others, as well as the conserved motifs (consensuses) of the sequences. They expect an MSA program to be able to align these sequences such that the structural/functional or conserved residues/nucleotides are aligned. However, most available MSA programs cannot do so because they generate an alignment based only on the information about the sequence. Hence, this work studies a variant of MSA, called constrained multiple sequence alignment (CMSA), which aligns the structure/function-related or conserved residues/nucleotides. Notably, many other CMSAs have been proposed from various perspectives, using different approaches (Schuler et al., 1991; Depiereux & Feytmans, 1992; Taylor, 1994; Notredame et al., 2000; Thompson et al., 2000; Katoh et al., 2002) .
Before the CMSA model is defined, notation must be introduced. Given an alignment A of k sequences S 1 , S 2 , . . . , S k , a band is defined as a block of consecutive columns in A. For any band of A, say B, B(S i ) denotes the fragment of S i whose residues/nucleotides are all in the band B, where 1 ≤ i ≤ k. d(P , P ) is the Hamming distance between two fragments P and P of equal length. It is equal to the number of mismatched pairs in the alignment of P and P without any gap. Let l(P ) represent the length of a fragment sequence P . The CMSA problem considered here is defined as follows. Let S = {S 1 , S 2 , . . . , S k } be a set of k input sequences along with an ordered set of r constraints P = (P 1 , P 2 , . . . , P r ) and an error threshold , where 0 ≤ < 1. The
× mismatches are allowed in the alignment between P i and B i (S j ) without any gap). Then, the so-called CMSA problem is to find a CMSA of S with respect to P whose sum-of-pairs score is minimum over all possible candidates. Notably, the original CMSA model proposed by Tang et al. (Tang et al., 2003 ) is a special case of the model considered herein, in which each of the given constraints is a single residue/nucleotide and moreover, the aligned fragments in all bands are exactly matched to the constraint (i.e., l(P i ) = 1 for all 1 ≤ i ≤ r and = 0). In this simple model, a heuristic algorithm, which runs in O(rkn 4 ) time and consumes O(rn 4 ) space, was designed to find a CMSA of the input sequences, where n is the maximum of the lengths of sequences. Later, Chin et al. (Chin et al., 2003) and Yu (Yu, 2003) 2 ) space for efficiently finding a favorable CMSA of the input sequences. The method first designs a dynamic programming algorithm to find an optimal constrained alignment of any two given sequences and then use it as a kernel progressively to align the input sequences into a CMSA according to the branching order of a guide tree 1 . The algorithm was implemented as a program called MuSiC, which is a short for Multiple Sequence Alignment with Constraints. It can be easily accessed via a simple web interface. The use of the proposed MuSiC system is illustrated below to help to detect a fragment of an RNA sequence in the 3 untranslated region (UTR) of the SARS-TW1 sequence, which can fold itself into a pseudoknot structure. The structural elements in the 5 and 3 UTRs of a plus-strand RNA virus have been postulated to be involved in RNA replication, transcription and translation by interacting with viral or cellular proteins. Much evidence supports the fact that the pseudoknots in 3 UTRs among coronaviruses participate in the replication of RNA (Williams et al., 1999) . The SARS (Severe Acute Respiratory Syndrome) virus, which caused several hundreds of deaths since its outbreak in early 2003, is a novel type of coronavirus, so a pseudoknot is expected to be observed in its 3 UTR. By comparing the sequences of the phylogenetically conserved pseudoknots among many coronaviruses, Williams et al. found that these sequences contain several fragments of conserved nucleotides (consensuses). They found 11 consensuses, say UCU, CA, AA, GG, C, GU, A, G, AG, U and A, among coronaviruses including HCV-229E (human coronavirus), PEDV (porcine epidemic diarrhea virus), TGEV (porcine transmissible gastroenteritis virus), BCV (bovine coronavirus) and MHV (mouse hepatitis virus). To determine whether or not the 3 UTR of SARS has a pseudoknot, SARS-TW1 (AY291451) was chosen as the test subject and the MuSiC system was used to align the sequence of the 3 UTR of SARS-TW1 with those of the detected pseudoknots in the 3 UTRs of BCV, MHV, PEDV, TGEV and HCV-229E coronaviruses. The consensuses described above were used as the constrained sequences in the proposed MuSiC system and then the default scoring matrix and gap penalties were chosen with the initial setting = 0. As a result, no CMSA was found to satisfy the requirement, because the postulated pseudoknot in the 3 UTR of SARS-TW1 may comprise the fragments that are only partially, rather than completely, similar to the constraints. Hence, this case was tested again with letting = 0.5 so that in the band of the resulting CMSA, of length two or three, no more than one mismatch may exist between the fragment of each input sequence and the constraint. Consequently, as indicated in Figure 1 , a satisfied CMSA was found. Notably, the band of the resulting CMSA that corresponds to a constraint is black and its corresponding constraint is displayed beneath it. In some bands of this resulting CMSA, such as the fourth, sixth and ninth, at most one mismatch exists between the fragment of each input sequence and the corresponding constraint. Moreover, the part of SARS-TW1 aligned with the pseudoknot sequences of other coronaviruses is interspersed with only two gaps of length one. This finding suggests that this part of SARS-TW1 may fold itself into a pseudoknot structure and possibly be involved in replicating SARS viruses. Therefore, this SARS-TW1 fragment is further validated by applying PKNOTS, developed by the Eddy group (Rivas & Eddy, 1999) , to determine whether it can fold itself into a pseudoknot structure with a stable free energy. Consequently, this fragment of SARS-TW1 indeed folds itself into a stable pseudoknot whose base pairings have a topology, as indicated in Figure 2 , that is very similar to those of other coronaviruses described in the literature (Williams et al., 1999) . However, whether or not this SARS-TW1 fragment participates in replicating the RNA of SARS must be investigated experimentally in the laboratory. 
